Abstract-This paper is a continuation of our previous published work in which a water-loaded metal diagonal horn antenna has been designed at 2450 MHz for hyperthermia application and simulated results are compared with those measured. In the present study, theoretical investigations of Specific Absorption Rate (SAR) distribution in a homogeneous biological phantom (muscle) due to direct contact water-loaded metal diagonal horn antenna at 915 and 2450 MHz for hyperthermia application is presented. It is estimated theoretically that, at both the operating frequencies, a reasonable impedance matching is achieved at the interface between the antenna aperture and the biological phantom, where a computation of aperture admittance and reflection coefficient has been performed. Furthermore, it is confirmed through theoretical and simulation studies that the proposed horn antenna gives circularly symmetric SAR distribution in transverse plane in the biological phantom at 915 and 2450 MHz. The simulated and theoretical SAR distributions at 2450 MHz are compared with those determined at 915 MHz. In addition, thermal simulation results based on Pennes' Bio-heat equation (BHE) are applied to the realistic muscle model at 915 and 2450 MHz. The reduction of blood flow rate on temperature distribution is also studied.
INTRODUCTION
Hyperthermia is one of the therapeutic non-invasive modalities considered for cancer treatment. Clinical trials have shown that a temperature in the range of 42-50 • C is required for hyperthermia treatment of cancer, while a temperature below 42 • C is preserved for surrounding healthy tissues. In the last few years, the focusing ability of microwave radiation has aroused considerable research interest in the biomedical applications, including hyperthermia. Currently, various types of applicators are available for hyperthermia, but localized heating of larger tumors at greater depth needs to be further investigated [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Recently, experimental and simulation studies of water-loaded metal diagonal horn antenna have been performed at 2450 MHz for hyperthermia application. It has been proved that the water-loaded horn antenna provides a circularly symmetric Effective Field size (EFS) [15] . Previous work performed measurements and simulation study on the diagonal horn antenna for hyperthermia at 2450 MHz. Furthermore, to heat larger spherical/near spherical tumors situated at greater depth, the applicator's study can be performed at the lower ISM frequency of 915 MHz. The present investigation emphasizes on the theoretical estimation of SAR distributions in the muscle phantom and other related antenna parameters at two ISM frequencies of 915 MHz and 2450 MHz. A more rigorous thermal simulation study is also reported in the present paper.
Considering the foregoing statements, we have investigated the water-loaded diagonal horn applicator further. The objectives of this work are (i) to investigate theoretically, as well as through simulations, the SAR distribution in a biological phantom when a diagonal horn operating at 915 and 2450 MHz is applied, (ii) to compute theoretically the aperture admittance and hence the reflection coefficient, at the interface between the antenna and the phantom. These parameters are relevant in terms of coupling of electromagnetic energy with the biological phantom, (iii) to assess that the proposed horn antenna provides effective localized heating of the biological phantom.
All simulation studies have been carried out by using the software Computer Simulation Technology Microwave Studio (CST MWS) 2011, which is based on finite integration numerical technique [16] . The theoretical investigation of fields in the planar biological phantom due to water-loaded diagonal horn antenna makes use of plane wave spectral technique for computation of SAR distribution in the biological phantom. The theoretical field components, aperture admittance and SAR distributions were numerically evaluated by using MATLAB software. The results of SAR distributions obtained through theoretical investigations have been compared with those given in Ref. [15] . Additionally, the effects of input power and blood flow rate on the temperature distribution in a more realistic muscle model have also been simulated at both 915 and 2450 MHz.
MATERIALS, METHODS AND THEORY

Horn Antenna Design
The water-loaded metal diagonal horn antennas have been designed at 915 and 2450 MHz following the procedure similar to Love [17] for empty horn and that given in reference [15] . The complex permittivity of water has been taken to be 77 − j12.09 and 78 − j3.09 [12] at 915 and 2450 MHz respectively. Water-loaded horn antennas for operation at 915 and 2450 MHz have been assumed excited with higher frequency water-filled metal rectangular waveguides WR-112 and WR-34 [15] respectively.
The aperture dimension (d) of the water-loaded diagonal horn antenna has been selected for required gain (G), which can be found from the following relation [17] :
where η is the efficiency of the horn antenna, which can be taken equal to 0.81 [17] , and λ w (= λ/( ε rw ) is the effective wavelength at the design frequency of the horn antenna, and ε rw is the real part of the relative permittivity of water. Each horn antenna was designed for 15 dB gain. The aperture dimension 'd' of the horn antenna has been computed using Equation (1) . The dimension optimization of each water-loaded diagonal horn antenna has been carried out using CST MWS software.
The aperture of each diagonal horn antenna has been assumed to be surrounded by a conducting ground plane of copper in xy-plane so that the fringing electric field outside the aperture becomes zero. The dimensions of the conducting ground plane are 25 × 25 × 0.2 cm 3 , and 15 × 15 × 0.2 cm 3 for the diagonal horn antennas designed at 915 MHz and 2450 MHz respectively. TE 10 mode propagates in each input rectangular waveguide at the operating frequency. The input end of rectangular waveguide section of each horn antenna has been short circuited. Each diagonal horn antenna has been assumed to be excited with the help of coaxial probe inserted through a small hole cut in the middle of the broad wall of rectangular waveguide section at a distance of λ gε /4 from the short-circuited end, where λ gε is the guide wavelength in water-loaded input rectangular waveguide for TE 10 mode given by the relation
where f c 10 (= c/2a ε rw ) is the cut off frequency for TE 10 mode, c (= 3 × 10 8 m/s) is the velocity of microwave in free space, a is the broad dimension of the input rectangular waveguide, and f is the operating frequency. The optimized dimensions of the horn antennas designed at 915 and 2450 MHz [15] are given in Table 1 . In order to quantify the induced electric field in a biological phantom (muscle) due to the known field distribution at the aperture of water-loaded diagonal horn antenna terminated in the bi-layered media consisting of muscle and free space layers, theoretical analysis has been presented. In the present analysis, the muscle layer is considered to be of finite thickness 't 3 ' followed by infinite free space layer. Muscle phantom and free space layers have relative permittivities of ε * 1 and ε 2 respectively. The values of complex relative permittivity of the biological phantom are 55.00 − j19.00 [18] and 50.00 − j16.00 [15] at 915 MHz and 2450 MHz respectively. The analysis of fields in bi-layered media presented here follows the plane wave spectral technique discussed by Compton [19] and Harrington [20] .
Previously, plane wave spectral technique was used to estimate the induced field components in the biological phantom due to the box-horn [12] for which aperture field varies along one direction only, while the field remains constant along the transverse direction as given in [12, 19, 20] . However, in case of the proposed horn antenna, aperture field varies in both x-and y-directions due to the propagation of TE 10 and TE 01 orthogonal modes. The aperture of the proposed horn antenna is assumed to be surrounded by conducting ground plane in xy-plane, so that the fringing field outside the aperture becomes zero and back lobes disappear. The proposed horn is a multimode horn antenna in which TE 10 and TE 01 modes are present at the aperture. In the present theoretical analysis, it is assumed that only TE 10 and TE 01 mode fields are present at the aperture and also aperture phase error is zero.
The x-and y-components of electric field at the aperture of water-loaded diagonal horn antenna [17] is represented by
where a 10 and a 01 are amplitude coefficients, and Γ is reflection coefficient at the interface between water-loaded diagonal horn antenna and biological phantom (muscle). When the aperture electric field is given by Equations (3) and (4), the field in the bi-layered media (muscle and free-space layers) are everywhere TE to x and TE to y [19] . Through the use of 'plane wave spectral technique' as given in references [19, 20] , spectral integral representations of the fields in the different layers are obtained. The x-, and y-components of electric and magnetic fields in the muscle layer and free space layer are obtained as given in the reference [12] are reproduced below.
Similarly, the z-component and x-, y-and z-components of electric and magnetic fields in the biological phantom and free space layers are derived. By taking the inverse Fourier transform of Equations (5) and (6) at z = 0, we get
where,
By applying the boundary condition, i.e., the continuity of tangential electric and magnetic fields at 'z = t 3 ' (the interface between muscle and free-space), remaining four equations are determined as follows:
The expressions for R ψ1 and R φ1 obtained from Equations (9) and (10) are substituted into Equations (11)- (14) and the resulting equations are expressed as follows: 
Once the solution for I φ1 and I ψ1 are obtained by using Equation (22), other plane wave spectra such as R ψ1 , R φ1 , T ψ1 and T φ1 can be determined using Equations (11)- (14). The x-, y-and z-components of electric field in the muscle layer can then be found by using Equations (5)- (6) . The resultant electric field intensity in the muscle phantom is given by
(23) The Specific Absorption Rate (SAR) in the phantom muscle can be evaluated by
where, |E| is the magnitude of total induced electric field strength inside the biological phantom, and σ and ρ are the conductivity and density of the biological phantom respectively.
Determination of Aperture Admittance and Reflection Coefficient at the Interface between Antenna Aperture and Biological Phantom
The aperture admittance of water-loaded diagonal horn antenna terminated in a phantom muscle is given by [19] 
where, E x1 (x, y, 0), E y1 (x, y, 0) and H * x1 (x, y, 0), H * y1 (x, y, 0) are electric and magnetic fields at the aperture (z = 0) respectively, which can be obtained by using Equations (5), (6) , (7) and (8) .
Reflection at any interface (separating the two media) is the result of impedance mismatch, which occurs due to change in physical properties of two media. Therefore, the reflection coefficient at the interface between proposed horn antenna and biological phantom can be written as:
where
is the aperture impedance of the antenna, Z 0 (= 120π
is the characteristic impedance of the water-loaded diagonal horn antenna, and λ gε and λ w have already been defined.
RESULTS AND DISCUSSION
SAR Distribution in the Biological Phantom
The applicator's design data along with dielectric properties of biological phantom discussed in Section 2.1, and given in Table 1 have been used in the estimation of theoretical and simulated SAR distributions at the two operating frequencies of 915 and 2450 MHz. The density of biological phantom was chosen to be 1050 kg/m 3 . In the present analysis, biological phantom (muscle layer) is considered to be of finite thickness. The theoretical relative SAR distributions in the muscle phantom were obtained by numerically solving the equations given in Section 2.2 using MATLAB software and the results are given in Figures 2 and 3 . In order to validate the circular symmetric behavior of SAR distribution in the biological phantom due to the proposed horn antenna at 2450 MHz, normalized SAR distribution in xyplane was obtained through theoretical analysis at z = 1 cm and the results are shown in Figure 3 . These results clearly demonstrate the circular symmetry property of the SAR distribution in the biological phantom. Normalized SAR distribution at 915 MHz in xy-plane can be found, but is omitted here for the sake of brevity.
The simulated relative SAR distributions inside the biological phantom (muscle phantom) of size t 1 × t 2 × t 3 (= 200 × 200 × 150 mm 3 at 915 MHz and 112 × 112 × 80 mm 3 at 2450 MHz [15] ) due to the water loaded diagonal horn antennas were determined using CST MWS software. Initially, power fed to the antenna was assumed to be 1 W in the simulation study. The relative SAR distributions in the phantom muscle phantom were obtained by normalizing the SAR values with respect to the maximum value of SAR that occurs in the muscle phantom.
It can be seen from Figure 2 that the simulated and theoretical SAR distributions are nearly in agreement with each other. Thus, the validity of plane wave spectral technique is proved through simulated SAR distributions. It can also be observed from Figure 2 and Table 2 that theoretical results of SAR distribution are deviating to a smaller degree from the corresponding simulated results. The deviation in the results may be due to the factors given in the following. In theoretical analysis, conducting ground plane surrounding the proposed horn antenna aperture extends upto infinity while finite size of the conducting ground plane has been taken in simulation studies. The effect of generation of higher order modes near the discontinuity regions including the aperture of the proposed horn antenna is not considered in the theoretical analysis. Although these factors individually may not cause much effect on the SAR value, but when taken collectively, they may become significant cause of deviation between the theoretical and simulated SAR values. Table 2 for diagonal horn antenna designed at 915 and 2450 MHz. It can also be observed from Table 2 that penetration depth is higher for the antenna designed at lower frequency.
The EFS is defined as the area that is enclosed within 50% SAR contour inside the biological phantom. Resolution of the applicator in transverse directions is represented by EFS and for high transverse resolution, the value of EFS must be small. The simulated and theoretical values of EFS extracted from Figure 2 (b) due to the proposed horn antenna at each frequency are given in Table 2 . It can be observed from Figure 2 (b) and Table 2 that theoretical and simulated values of EFS are small and exhibit circular symmetry at 915 and 2450 MHz. The diagonal horn which is a multimode horn antenna supporting TE 10 and TE 01 modes has identical aperture field distribution in E-and H-planes. That is why, circularly symmetric EFS is obtained due to the proposed horns at both the frequencies. It can also be seen from Table 2 that the simulated and theoretical values of EFS are significantly higher at 915 MHz as compared to those at 2450 MHz. Figure 4 depicts the simulated absolute SAR distributions along z-direction in the biological phantom at 915 MHz by taking input power level as a parameter. It can be observed from Figure 4 that peak SAR value increases with input power level and SAR value decays exponentially at a rate equal to twice the decay rate for electric field.
Therefore, it can be inferred from the present study that the lower frequency applicator can be used for effective heating of spherical/near spherical tumors situated at greater depth.
Applicator's Characteristics
The theoretical values of aperture admittance/impedance of the antenna alongwith reflection coefficient at the interface of the proposed water-loaded horn antenna and biological phantom computed from Equations (25) and (26) are presented in Table 3 . The values of reflection coefficient obtained at the interface of the proposed horn antenna and muscle phantom indicates that reasonably good impedance matching between the horn aperture and the biological phantom is achieved at both the frequencies, though matching is better at 915 MHz.
The simulated values of input reflection coefficient of the proposed antenna terminated in a biological phantom are −33 dB (= 0.02) and −17 dB (= 0.14) at 915 MHz and 2450 MHz [15] respectively, which indicates good matching of the applicator to the feed at both operating frequencies.
Simulation of Temperature Distribution
The applicator's hyperthermia performance is characterized by the resulting temperature distribution in the realistic muscle medium. The heat generated due to the electromagnetic energy absorbed in the muscle medium is proportional to SAR. The bio-heat equation represents the relationship between the rate of electromagnetic energy absorbed into the tissue and the increase in tissue temperature. Therefore, the temperature distribution inside the realistic muscle model can be evaluated by using Pennes' bio-heat equation (BHE) [21] , which can be written as
where ρ is the muscle density, C is the specific heat of muscle, K the muscle thermal conductivity, A 0 the metabolic heat production, B the heat exchange mechanism due to capillary blood perfusion, and T B the blood temperature assumed to be a constant (= 37 • C) equal to normal body temperature. The thermal parameters used in Equation (27) are defined in Table 4 . In order to characterize the hyperthermia treatment system, the proposed applicator was used to feed microwave power to the muscle medium at 915 and 2450 MHz as shown in Figure 1(c) . The thermal simulation was performed using CST multi-physics simulator [16] software by taking initial muscle temperature of 37 • C. The thermal parameters of the muscle used in simulation are listed in Table 4 .
To observe the effect of blood flow rate on temperature distribution produced in the muscle phantom due to the proposed horn antenna at 915 and 2450 MHz, three kinds of muscle models were considered. First model involves the tissue with normal blood flow rate B of 2700 W/m 3• C. In the second model the muscle tissue was assumed to have reduced blood flow rate of B/2, while in the last tissue model, blood flow rate is reduced to B/4 (tumor tissue) [8] . Simulation was performed for input power of 2 W at 2450 MHz while input power levels of 2 W and 10 W were assumed for simulation at 915 MHz.
Figures 5(a), 5(b) and 5(c) show the profiles of temperature elevation at 915 and 2450 MHz due to the proposed horn antenna as functions of depth in the realistic muscle medium by taking blood flow rate as a parameter. It can be seen from Figure 5 (a) and Table 5 that temperature elevation in Table 4 . Thermal parameters of muscle for the BHE [22] . the tissue due to the proposed horn antenna designed at 915 MHz and fed with 2 W input power is not sufficient for proper hyperthermia performance. Hence power inputted to the applicator designed at 915 MHz was increased to 10 W to raise the temperature of cancerous tissue (situated at greater depth) adequately for effective hyperthermia ( Figure 5 (b) and Table 5 ). It is noticed from Figures 5(a) , 5(b) and 5(c) that at a given frequency, temperature elevation in the muscle tissue increases with decrease in blood flow rate. Further, temperature elevation decreases exponentially with depth in the muscle medium at a given frequency. The values of peak temperature elevation and the depth at which temperature elevation reduces to half of the maximum extracted from Figures 5(a) , 5(b) and 5(c) are also given in Table 5 .
Figures 6(a) and 6(b) show the profiles of temperature distribution inside the realistic muscle medium at z = 1 cm for optimum input power levels (10 W at 915 MHz and 2 W at 2450 MHz) due to the proposed applicator. Symmetrical temperature distribution in the biological phantom due to the proposed applicator can be observed in the transverse xy-plane.
These results corroborates the annotation that spherical/near spherical tumor volume (in which scanty blood flow is there) can be effectively heated as compared to normal tissue using an applicator of the sort proposed here. From this study, it can be said that cancerous tissue can be heated to higher temperature as compared to normal tissue for same input power.
CONCLUSION
Water-loaded metal diagonal horn antenna has been investigated through simulation and theoretically for hyperthermia application at 915 and 2450 MHz. The study involves determination of theoretical SAR distributions in the muscle phantom due to the proposed applicator designed at 915 MHz and 2450 MHz and comparison with the corresponding simulated ones. The water loaded diagonal horn antenna designed at 915 MHz gives higher penetration depth and lower transverse resolutions inside the phantom muscle as compared with the diagonal horn antenna designed and developed at 2450 MHz. Results obtained through theoretical study indicates that reasonably good impedance matching between the antenna aperture and the biological phantom has been obtained at both the frequencies. In addition results obtained through thermal simulation on realistic muscle model suggests that heating pattern could be controlled by varying the input power and blood flow rate. Also, the temperature distribution obtained in muscle tissue through thermal simulation indicates that the proposed horn antenna can be used as effective hyperthermia applicator for spherical tumors in superficial regions of the body assuming that blood flow in the tumor region is significantly reduced as compared with normal tissue region. The study presented here can be used to design an appropriate diagonal horn applicator for hyperthermia.
